Introduction
Glioblastomas (GBMs) are the most common primary adult brain tumor and remain highly therapy-resistant, with a median survival of 16 months despite standard of care treatment [1, 2] . These tumors are comprised of multiple distinct cell populations, including cancer cells with tumor-propagating potential often characterized as glioma stem cells, which have self-renewal properties and are thought to be highly resistant to therapy [3, 4] .
Growing evidence suggests a direct relationship between GBM malignancy and tumor proximity to the lateral ventricles (LV) and the ventricular-subventricular zone (V-SVZ). The V-SVZ, which lies in the lateral wall of the LVs, harbors neural stem cells during development and persists into postnatal life as the largest neurogenic niche within the adult brain [5, 6] . In early postnatal human brain, the V-SVZ supports the generation of many highly migratory immature neuroblasts, and this niche retains latent proliferative capacity into adulthood [5] [6] [7] [8] .
The direct and indirect roles of the V-SVZ in gliomagenesis continue to be widely investigated, including testing of were also searched for additional references but no new articles were included. Where possible, authors were contacted regarding availability of additional non-published data as well as confirmation of published data.
Data extraction
Data were extracted independently by two reviewers (A.M.M. and A.T.H). Numbers of LV+GBM and LV-GBM patients and survival statistics [median or mean overall (OS) and progression free survival (PFS) times and hazard ratios (HRs)] were extracted. Further, when available, HRs were noted if they were obtained from multivariate analyses accounting for common predictors of survival in GBM patients aside from chemo-and radiation therapies-e.g., age, KPS (Karnofsky Performance Scale), and extent of resection. When multiple multivariate analyses were performed, HR resulting from inclusion of the maximum number of variables were recorded. For missing survival data in studies, relevant corresponding authors were contacted. When interpretation of published results differed between A.M.M. and A.T.H, the results were interpreted by R.A.I . for resolution.
Reconstruction of individual patient data
To calculate summary survival statistics (median OS and PFS times and HR by log-rank analysis) in the absence of original individual patient data, published Kaplan-Meier survival curves comparing LV+GBM and LV-GBM patients were used to recreate individual patient data after digitization using WebPlotDigitizer (Version 3.8, May 2015; http:// arohatgi.info/WebPlotDigitizer), an accepted methodology for meta-analysis of time-to-event data [26] . Survival time and percent values obtained were used to recreate individual patient survival data, which were in turn used to reconstruct published Kaplan-Meier curves and generate median survival times and HRs by log-rank test using GraphPad Prism version 6.00 for Windows (GraphPad Software, San Diego, CA, USA). Reconstructed curves were then compared with published data to assess accuracy of reconstructed data. When data were categorized according to the group I -I V GBM classification scheme described in Lim et al. [9] , data were combined for groups I and II (representing LV+GBMs) and groups III and IV (LV-GBMs). Compared to the published data, near accurate reconstructed Kaplan-Meier curves (Supplementary Figure S2 ) and summary survival statistics (Supplementary Tables S1 and S2) were generated in all studies except one [19] , which was the only study included in the analysis that did not plot censored values on its Kaplan-Meier curves. Therefore, an assumption of no censored values was made when reconstructing individual patient data, as suggested in published methodologies [27] , the hypothesis that GBMs with radiographic contact with the LV (LV+GBM), and therefore the V-SVZ, have reduced survival. This was first explored by Lim and collaborators in 2007, who reported that LV+GBMs were more likely to be multifocal and have distal recurrences when compared to those without LV contact (LV-GBM) [9] . Thereafter, the influence on the overall survival of this increased malignancy associated with LV contact has been explored by numerous studies with variable results. This meta-analysis aims to comprehensively review published survival data comparing LV+GBM and LV-GBM and analyze the influence of observed radiographic LV contact on patient survival.
Materials and methods

Search strategy and selection criteria
The common evidence medicine framework PICO was used to formulate the research question: Do patients with GBM (population) contacting the LVs (indicator) compared those without LV contact (comparator) have a shorter overall survival (outcome) with standard-of-care treatment? This meta-analysis was performed by referencing the PRI SMA guideline [10] . No review protocol existed at the time of this study; hence, a systematic electronic search of titles and abstracts of published journal articles was conducted (by A.M.M.) using the following terms "(glioma OR gbm OR glioblastoma) AND (ependyma OR ependymal OR ventricle OR ventricles OR subependymal OR "peri-ventricular" OR periventricular OR ventricular OR subventricular OR SVZ OR "lateral ventricle" OR "lateral ventricles")" in the NCBI /NLM PubMed (from 1966 to Feb 7, 2016) , OVI D EMBASE (from 1980 to Feb 7, 2016) , and Cochrane databases (to Feb 7, 2016) without language restriction. Unpublished studies and conference abstracts were excluded. References obtained from these searches (909 from PubMed 745 from OVI D EMBASE, and 6 from Cochrane) were imported into the reference manager EndNote X7 (Thompson Reuters, Philadelphia, PA), during which duplicate references were removed. Titles and abstracts of journal articles were then screened for studies comparing survival data between LV+GBM and LV-GBM patients. Studies of patients treated with SVZ-specific therapies or radiation were excluded due to potential masking of the sought outcome. Six such studies were identified and excluded. The entire screening process was repeated one month later (by A.M.M.) to capture any missing studies. Fifteen final studies [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] , all with retrospective observational data, were included after full text review of studies identified through the screening process (see Supplemental Figure S1 for detailed flow diagram). The bibliographies of these studies
The proportion of LV+GBM to LV-GBM patients ranged from 36 to 225 % (mean 100.8 %, median 104.8 %) with a cumulative 1010 LV+GBM and 1301 LV-GBM patients (Table 1) .
Patient treatment in these studies consisted of any combination of surgery (biopsy, subtotal, or gross total resection), postoperative temozolomide, and/or radiation therapy. No study reported significant differences in the overall treatment regimen of LV+GBM and LV-GBM patients. I n a few studies some patients received additional non-conventional therapies. In the Adeberg et al. study [19] , 37 patients received either bevacizumab, cetuximab, cilengitide, imatinib, or temsirolimus. All 91 patients in Jafri et al. [18] received either erlotinib, cis-retinoic acid, or enzastaurin. In the three studies by Chaichana et al. [11, 12, 16] , a subset of patients received polifeprosan with carmustine wafer implantation at the surgeon's discretion (14/52 in the 2008 study). Twenty-six patients in the Tejada-Solis et al. study [15] participated in a dendritic cell vaccination trial and irinotecan-bevazucimab was commonly a second line treatment. In the Sonoda et al. study [20] , some patients received nitrosourea instead of temozolomide. Exact numbers were not always reported.
Survival difference between LV+GBM and LV-GBM patients
I ndividual patient survival data derived from digitized Kaplan-Meier curves of OS, available in ten studies [11, 13-15, 18-20, 22, 23, 25] (LV+GBM n = 709; LV-GBM n = 663), and PFS, available in five studies [14, 18, 19, 22, 25] (LV+GBM n = 454; LV-GBM n = 423), were pooled together for generation of cumulative, representative OS and PFS Kaplan-Meier curves of patients included in our metaanalyses (Fig. 1) Fig. 2a, c) . We found a lack of heterogeneity among the studies by Chi 2 , Tau 2 , and I 2 analyses. Sensitivity analysis by exclusion of any one study did not alter the significance of OS or PFS HR. Funnel plots as well as tests for publication bias for the OS and PFS meta-analyses suggested a possibility for publication bias (Kendall's tau from Begg and Mazumdar's correlation and Egger's regression intercept for OS: 0.27, p = 0.28 and 1.49, p = 0.04; PFS: = 0.40, p = 0.81 and 0.69, p = 0.44, respectively). Adjusting for resulting in an error of 7 % in LV+GBM and 3 % in LV-GBM median survival values. Derived individual patient survival data were collated to generate cumulative, representative overall and progression free Kaplan-Meier survival curves as well as calculate summary median survival times and HRs by log-rank test.
Meta-analyses
Meta-analyses were performed by referencing the Cochrane Handbook for Systematic Reviews of I nterventions [28] . Survival meta-analyses to generate a summary HR were conducted with the HRs from log-rank and reported multivariate cox proportional analyses using the Comprehensive Meta-Analysis software Version 2.2 (Biostat I nc., Englewood, NJ, USA) for Windows. Survival confidence intervals (CI s) are commonly reported as asymmetric, being calculated from the standard error using an asymmetrical method [29] . I n these instances, the reported 95 % CI s were converted to standard error using [ [28] . Sensitivity analysis consisted of excluding one study at a time from the meta-analysis to assess significant change in the summary effect size. Potential publication bias was evaluated by generating a funnel plot plotting the HRs against variance. I n addition to an asymmetric plot, publication bias was evaluated by Begg and Mazumdar's test and Egger's test. A two-tailed p value < 0.05 indicated publication bias. To compensate for the effects of publication bias, the trim and fill method was used to adjust the summary HR by theoretical incorporation of non-existent studies. Sensitivity and publication bias analyses were not performed for cases of meta-analysis of less than 5 studies.
Results
Study characteristics
We identified fifteen studies [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] with retrospective observational survival data on a cumulative 2311 patients with GBMs categorized as either LV+GBM or LV-GBM. I n all studies, LV+GBM was defined by contact of the post-contrast enhancement of the GBM with the LV in a T1-weighted MRI. No clear tendencies for the incidences of LV+GBM or LV-GBM was noted in these studies: Conflicting interpretations resolved by a third reviewer carmustine wafer implantation [11, 12, 16] , tumor multifocality [14] , vaccine administration [15] , and MGMT promoter methylation or IDH1 mutation status [22] . Six and three studies reported a multivariate cox proportional OS HR and PFS HR for patients with LV+GBMs and LV-GBMs, respectively. To further analyze the effect of GBM contact with the LV on survival, we performed a meta-analysis using only the multivariate OS and PFS HRs obtained after accounting for the common confounding variables and predictors of survival in GBM patients. The publication bias did not alter the significance of the summary HRs (Fig. 2b, d ).
Confounder analyses
In addition to chemoradiation, all studies variably accounted for age, pre-operative KPS, extent of resection, and tumor size in their survival analyses (Table 1) . Other confounding variables accounted in these studies included pre-operative motor deficits and intraoperative polifeprosan with 
Discussion
Identification of prognostic indicators of survival in patients with GBM is important in tailoring treatment to reduce burden and improve quality of life, as well as to guide the development of novel therapies. In this study, we analyzed the published literature and demonstrate a significant reduction in survival in patients with LV+GBM compared to LV-GBM. We further propose this effect may be independent of the common predictors of GBM survival-age, KPS, and extent of resection, chemotherapy, and radiation therapyimplying a distinct pathobiology of GBMs with and without LV contact.
The discovery of neural stem cells in the V-SVZ has led to the emergence of scientific hypotheses bridging developmental biology with neuro-oncology, suggesting that stem or precursor cells may be likely cells of origin for malignant brain tumors [30] [31] [32] [33] . However, in the mouse some experimental models have also generated gliomas from mature progenitors, arguing that the V-SVZ may not be an obligate site of origin [34] [35] [36] . Computer models of glioma growth based on MRI sequences suggest that sites of origins of summary OS and PFS HRs obtained were 1.35 ([1.14-1.58] , p = 0.0003; LV+GBM n = 354; LV-GBM n = 628) and 1.64 ([0.88-3.05], p = 0.12; LV+GBM n = 100; LV-GBM n = 90), respectively, (Fig. 3a, c) . We found a lack of heterogeneity among the studies by Chi 2 , Tau   2 , and I 2 analyses. Sensitivity analysis by exclusion of any one study did not alter the significance of OS HR. Funnel plots as well as tests for publication bias for OS meta-analysis depicted publication bias (Kendall's tau from Begg and Mazumdar's correlation and Egger's regression intercept for OS: 0.80, p = 0.02 and 1.39, p = 0.04). Theoretical compensation for publication bias did not alter the significance of the result (Fig. 3b) . Funnel plot for the PFS meta-analysis is depicted in Fig. 3d . With inclusion of only three studies, there would be low reliability for further analyses and therefore these were not performed.
Three studies [11, 18, 19] which assessed OS significance for at least one confounding variable but without multivariate cox proportional analyses were excluded from the meta-analyses. Two of these three studies [11, 18] noted independent influence of LV contact of GBM on OS. PFS was analyzed in two of these studies [18, 19] , and noted to be independently significant in one [18] . a study included in the meta-analysis. Closed, dark circles represent non-existent studies compensating for publication bias with the trim and fill method and resulting summary HR and confidence interval is represented as a closed, dark diamond. These analyses were not performed in d treatment regimen and sometimes, a minority of patients received non-conventional therapies. The number of confounders and methods used to account for them also varied. Additional, larger studies (>100 patients total) are needed to increase the confidence of our meta-analysis and the conclusion that GBM contact with the LV is an independent predictor of survival. We look forward to a recent report which may confirm this conclusion: in a multivariate analysis of 647 GBM patients, adjusting for age, gender, KPS, extent of resection, post-operative treatment, and tumor volume, V-SVZ contact was found to be an independent predictor of survival (Multivariate OS HR: 1.58 [1.27-1.95]) [46] . Second, most published studies did not adjust survival for known molecular prognostic indicators in GBM-MGMT promoter methylation or I DH1 mutation status. Only a few studies have reported promoter MGMT methylation or IDH1 mutation status of LV+GBMs and LV-GBMs [19, 22, 25, 47] , and taking them collectively, presently no clear association of GBM molecular status with contact to the LV is discernable.
I n summary, this meta-analysis demonstrates potential clinical relevance for the contact of glioblastoma with the V-SVZ, implied by observed radiographic contact with the LV. Observing the negative influence on survival of V-SVZ tumor contact, some treatment centers have exploited this niche as a therapeutic target by including it in the irradiated region, and have largely reported promising preliminary results [48, 49] , although conflicting reports exist regarding the effects and dose used [50] . To better understand the role of V-SVZ in glioma biology and develop novel therapies, in addition to larger clinical studies, molecular and cellular investigations to decipher the basis for the decreased survival associated with GBM contact with the V-SVZ are warranted.
GBMs are widely distributed throughout the brain and not limited to the V-SVZ [37] . However, the decreased survival noted in patients with LV+GBM suggests increased tumor malignancy with V-SVZ contact. The molecular basis of this clinical phenomenon remains unknown. The tumor cell properties or cellular composition of V-SVZ-contacting GBMs may be intrinsically different, or the uniquely supportive, growth factor-rich environment of the V-SVZ may enhance the malignant potential of cancer cells regardless of their origin. The proximity of the V-SVZ to, and its extensive contact with, the CSF may also allow for widespread dissemination of tumor cells, potentially affecting survival.
Several studies have aimed to test these hypotheses. However, no significant difference in the expression of several stem cell genes between GBMs with and without radiographic LV or V-SVZ contact has been uncovered to date [13, 21, 22] . Two studies explored the molecular signature of sub-classifications [9] of GBMs based on ventricular contact. One found presence of an IDH1 mutation and expression of YKL40, a mesenchymal marker, were associated with GBMs without V-SVZ or cortical contact, or GBMs that were multifocal or multicentric [25] . Another demonstrated that markers of V-SVZ cells were highly expressed in GBMs with both V-SVZ and cortical contacts [38] . Other studies have suggested a "seed-and-soil" relationship between tumor cells and V-SVZ. Orthotopic xenograft studies have demonstrated that GBM tumor cells exhibit a tropism for the fertile, growth-promoting environment of the V-SVZ of adult brain [39] [40] [41] . Conversely, it has been demonstrated that normal neural stem cells can also exhibit tropism for neoplastic environments [42] [43] [44] [45] .
Tumor seeding through CSF dissemination is also a potential contributing factor to multifocality or poor clinical outcome. At present, conflicting observations have been reported regarding the correlation between V-SVZ contact and multifocality at presentation of GBM. I n our review, two studies [9, 19] have observed this correlation, while another two [13, 14] reported no significant correlation. While entering the ventricle during tumor resection might be expected to lead to widespread seeding of tumor cells through the CSF or leakage of the CSF itself, and consequently decreased survival, of the studies included in this report, two noted that surgical disruption of the ventricular wall did not correlate with survival [19, 24] .
While molecular or cellular signatures that identify GBMs with V-SVZ contact remain elusive, we present clinical evidence suggesting their increased malignancy and associated decrease in patient survival. However, the data herein must be interpreted with some caveats. First, without individual patient data, we cannot definitively conclude that reduced survival is independent of the other well-known predictors of GBM survival. Studies varied in their overall
